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Abstract—The objective of this study was to investigate the feasibility of using shear wave elastography (SWE) to
indirectly measure passive muscle force and to examine the effects of muscle mass and scan angle. We measured
the Young’s moduli of 24 specimens from six muscles of four swine at different passive muscle loads under differ-
ent scan angles (0°, 30°, 60° and 90°) using SWE. Highly linear relationships between Young’s modulus £ and pas-
sive muscle force F were found for all 24 muscle specimens at 0° scan angle with coefficients of determination R>
ranging from 0.984 to 0.999. The results indicate that the muscle mass has no significant effect on the muscle
E—F relationship, whereas E—F linearity decreases disproportionately with increased scan angle. These findings
suggest that SWE, when carefully applied, can provide a highly reliable tool to measure muscle Young’s modulus,
and could be used to assess the muscle force quantitatively. (E-mail: lei.ren@manchester.ac.uk) © 2018 The
Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This
is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION EMG signal is a superposition of the action potentials of
multiple muscles during contraction. This makes it diffi-
cult to obtain an EMG signal that corresponds exclu-
sively to a single muscle (Buchanan et al. 2004).
Furthermore, the failure of EMG to measure muscle pas-
sive force and the fact that the relationship between sur-
face EMG signal and muscle force is sensitive to
neuromuscular fatigue limit its use for measuring muscle
force (Edwards and Lippold 1956). On the other hand,
various musculoskeletal models based on mathematical
descriptions of muscle contraction dynamics (Hill 1938;
Huxley and Niedergerke 1954) have been developed to
estimate individual muscle forces. However, because of
the large assumptions introduced in these models, their
validity remains uncertain. Thus far, non-invasive
assessment of muscle force remains one of the grand
challenges in biomechanics (Hug et al. 2015).
Elastography is a family of non-invasive techni-
ques for real-time measurement of tissue elasticity
(Nightingale et al. 2003; Turgay et al. 2006; Urban
et al. 2013). Some of these techniques, such as vibra-
tion elastography imaging and magnetic resonance elas-
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Muscles play the role of an actuator in the human mus-
culoskeletal system, allowing the performance of a range
of complex movements. Determining individual muscle
force is fundamentally important for many fields, such
as biomechanics, orthopedics, robotics and rehabilitation
engineering (Huijing 1999; Hug et al. 2015). Muscle
force of a single muscle is traditionally determined either
by direct measurements or by indirect calculations.
Direct measurements have mostly been performed on
cadavers and animals, but rarely in vivo because of the
ethical concerns, as they require invasive tests to be con-
ducted on a large subject population. As for the indirect
calculations, electromyography (EMG) (Hylander et al.
2000; Lloyd and Besier 2003; Ziai and Menon 2011)
and musculoskeletal models (Ackland et al. 2012; Erde-
mir et al. 2007; Modenese and Phillips 2012) have been
used extensively. EMG measures the electrophysiologic
activity of muscles, and this activity is used as a metric
for quantifying the force exerted by the muscles. An
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using vibration elastography and found a linear correla-
tion between Young’s modulus of the quadriceps femo-
ris muscle and the applied load. Dresner et al. (2001)
used MRE to determine the quantitative relationship
between the shear elastic modulus and passive force in
bovine muscles. Although MRE yielded superior elas-
ticity data for a single muscle or muscle group (Deber-
nard et al. 2011a, 2011b), its use is limited by its high
cost and poor real-time application (Anderson et al.
2016; Weickenmeier et al. 2018).

Ultrasound-based elastography techniques, in gen-
eral, have been compared with MRE and have exhibited
good agreement for a wide range of tissues and phan-
toms (Bensamoun et al. 2008; Dutt et al. 2000; Oudry
et al. 2009). One such technique is shear wave elastogra-
phy (SWE), which has been used to quantitatively char-
acterise the mechanical parameters of tissues (Bercoff
et al. 2004; Haen et al. 2017; Liu et al. 2017; Palmeri
et al. 2008; Sarvazyan et al. 1998). SWE operates by
subjecting the tissue to mechanical perturbations by
using the acoustic radiation force generated by the ultra-
sonic beams. This induces shear waves that propagate
within the tissue. As the shear waves propagate, they are
captured by the ultrasound transducer at an ultrafast
frame rate. Algorithms such as the cross-correlation
algorithm are then used to estimate the propagation
speed of these shear waves at each pixel. This shear
wave speed (V) is related to the shear elastic modulus
(u) via a square relationship defined by muscle mass
density (p), which is often assumed to be 1000 kg/m>:

n= PV52 (1)

For biological tissues, Young’s modulus is approxi-
mately triple its shear modulus, under the assumption
that the tissue is isotropic, homogencous and quasi-
incompressible. These assumptions have been reported
to hold true for hepatic tissues, leading to the relatively
high use of SWE in screening for such conditions as liver
fibrosis, as well as for differentiating cirrhotic from
healthy liver tissue (Anyona Sande et al. 2017; Kim
et al. 2018; Mulabecirovic et al. 2018). Theoretically,
these assumptions would rule out the use of SWE on
skeletal muscles because of their tissue anisotropy. How-
ever, Eby et al. (2013) reported a strong linear relation-
ship between muscle shear modulus and muscle
Young’s modulus. In several studies, SWE has been suc-
cessfully used to quantify muscle Young’s modulus
(Bouillard et al. 2011; Koo et al. 2014; Maisetti et al.
2012; Nordez and Hug 2010; Nordez et al. 2008; Tran
et al. 2016). Some attempts have also been made to indi-
rectly evaluate muscle forces based on muscle elasticity
using SWE (Bouillard et al. 2011; Kim et al. 2018; Koo
et al. 2013). Koo et al. (2013) measured the shear

modulus of two chicken leg muscles of similar mass
using SWE under in vitro loading condition and reported
a strong linear relationship between muscle elasticity
and muscle force. This suggests that SWE may be a
promising method for evaluation of muscle force indi-
rectly.

Little, however, is known about whether this strong
linear relationship holds for muscles of different masses
and how muscle mass and ultrasound wave orientation
affect this linearity. A systematic study is yet to be found
in the literature that investigated the effects of muscle
mass and ultrasound wave orientation on the relationship
between muscle elasticity and muscle force. This is cru-
cial not only to the design of future measurements that
determine the elasticity and force of anisotropic and
inhomogeneous muscle tissues (Gennisson et al. 2003),
but also to the clinical use of SWE.

The objective of this study was to examine the rela-
tionship between SWE-measured Young’s modulus (£)
and the passive muscle force (F) of different porcine
muscles across a large mass range during in vitro loading
measurements. We systematically determined the
repeatability of the measured Young’s modulus and the
effect of muscle mass and probe scan angle, that is, the
angle between the ultrasonic beam and muscle fibre, on
the E—F relationship. This knowledge will allow us to
better understand the key contributing factors when
using SWE to quantify passive muscle load.

METHODS

Muscle specimen preparation

Twenty-four muscle specimens were dissected from
four fresh and healthy swine, obtained immediately post
mortem, with a mean mass £+ SD of 139 £+ 5 kg and
mean age of 1.5 + 0.2 y. To avoid the cluster effect of
the muscle cross-sectional area resulting from the con-
sistency in the muscle mass of samples, we dissected 24
muscle samples from six muscles with different masses,
namely, brachialis, peroneus tertius, common digital
extensor, tibialis anterior, extensor carpi radialis and
gastrocnemius (see Table 1). This study was approved
by the Institutional Review Board Committee of Jilin
University, Changchun, China (No. 20170329). The
samples were sprayed with cold physiologic saline solu-
tion throughout preparation and test procedures.

Test device

Before measurement, one end of the muscle (ten-
don) was clamped in the fixture while calibration
weights were applied to the other end via a pulley—cable
system (see Fig. 1). Before the tensile loading test, the
ultrasound transducer was placed over one-half of the
muscle specimens to prevent stress concentration arising
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Table 1. Muscle mass of all the 24 specimens

Muscle Swine A (g) Swine B (g) Swine C (g) Swine D (g)
Brachialis 125.29 120.88 116.30 124.10
Peroneus tertius 52.46 39.53 35.94 45.60
Common digital extensor 26.00 18.25 21.63 23.22
Tibialis anterior 105.22 97.90 89.71 101.32
Extensor carpi radialis 152.00 142.85 134.64 148.64
Gastrocnemius 68.16 65.70 61.21 66.78

Ultrasound transducer

& Ultrasound gel
Pulley
>
[OHORNONNORNONNOX
Fixture Lubricant gel ~ Multiple sheave block Variable load

Fig. 1. Schematic of the experimental setup used to apply pas-
sive force (F) to the distal end of the muscle. A gel lubricant
was applied on the table surface to reduce friction.

from the fixation of muscle specimens at both ends. The
transducer was then held by an operator’s hand. The
pressure between the transducer and muscle specimens
was kept minimal and constant by repositioning the
transducer to avoid the artefact of an elastic image owing
to the excessive probe pressure (see Fig. 1).

Elasticity measurements

Young’s moduli of the swine specimens were mea-
sured with an Aixplorer ultrasound scanner (Aixplorer,
SuperSonic Imaging, Aix-en-Provence, France) in the
SWE mode using the musculoskeletal pre-set to allow
large shear modulus values to be measured. A linear
transducer of 15—4 MHz was used in this study. First, a
brief B-mode ultrasound examination was done to con-
firm the muscle fibre orientation of the muscle specimen.
Instinctively, alignment of the transducer with respect to
the long axis of the muscle fibre was manipulated, and
the location of the probe was defined as the initial posi-
tion of scan angle 0°. The probe rotated 30°, 60° and 90°
in turn, and these positions were defined as the
measuring positions of 30°, 60° and 90°, respectively.
Subsequently, shear wave elastography generated col-
our-coded images where blue, green, orange and red
represented Young’s modulus values from low to high
(see Fig. 2).

For each tested muscle, SWE was performed and the
square-shaped elastography window (region of interest)
position was fixed, except at the upper and lower borders
(risk of boundary effect) (Brandenburg et al. 2014). The
size of the elastography window was set as 10 x 10 mm?

(Kelly et al. 2017; Le et al. 2017; Umegaki et al. 2015),
as illustrated in Figure 2. Using Q-BOX (a circle with a
diameter of 6 mm) (Kot et al. 2012), a built-in quantita-
tive measuring tool, the maximum, minimum and mean
Young’s moduli were measured. The mean Young’s
modulus was used for the data analysis in this study.
SWE measurements were conducted at 20 different
applied loads from 0 to 18.0 times the muscle weight
(BW). At each load, the Young’s modulus test was per-
formed at four different scan angles: 0°, 30°, 60° and 90°.
The elastography window was first allowed to stabilize
for 5 s, and then the elastography image was acquired.
The Young’s modulus measurement was repeated three
times at each scan angle. Because the elastography win-
dow was located at the same position throughout the
measurement, the measured data obtained in the tests for
different loads and scan angles can be compared directly.

Data analysis

All data analyses were performed using the IBM
Statistical Package for the Social Sciences (SPSS) Statis-
tics software, Version 13.0 (IBM, Armonk, NY, USA).
Continuous variables were expressed as means + SD.
The 95% confidence interval (95% CI) and intra-class
correlation coefficient (1, 1) (ICC, ;) were used to mea-
sure and assess the reliability of the Young’s modulus
test results. Generally, ICC, ; values within the ranges
0-0.40, 0.41-0.6, 0.61—0.79 and 0.8—1.0 indicate
poor, moderate, good and excellent reliability, respec-
tively (Cohen 1968).

The E—F relationship between the Young’s modu-
lus and the passive muscle force of each tested muscle at
each loading cycle was analysed by least-squares linear
fitting using the equation

E=E, +kF (2)

where E is the Young’s modulus of the muscle under a
passive force F. E, represents the Young’s modulus of
the slack muscle, and £ is the change rate of the Young’s
modulus with respect to the normalised muscle force
(passive muscle force divided by muscle weight). Based
on measured Young’s modulus and muscle force data,
Eo, k and the coefficient of determination (R?) of each
regression line were calculated.
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Fig. 2. Examples of elastography images of the brachialis muscle at scan angle 0° subjected to a passive tensile force of 0 BW (a), 6
BW (b), 12 BW (c) and 18 BW (d). BW = weight of the muscle.

RESULTS

Repeatability analysis of Young’s modulus measurement
The test—retest reliability results of the SWE mea-
surement of the 24 muscle specimens from four swine at
scan angle o =0° are outlined in Table 2. It can be seen
that the ICC, ; ranges from 0.985 to 0.999 and the 95%
ClI is between 0.969 and 0.999 for all muscle specimens
tested. This indicates that the SWE-measured muscle
Young’s modulus exhibited very high reliability.

Relationship between Young’s modulus and muscle force

Figure 3 illustrates the fitting curve of the Young’s
modulus of the brachialis of swine A versus passive
loading force data at scan angle o =0" and reveals a
strong linear relationship between them. The coefficient
of determination (R?) is 0.998. Figure 4 illustrates the
linear regression fitting results of the E—F relationship
for all six muscles and all four swine. The coefficients of
determination (R?) obtained are listed in Table 2. It can
be seen that very strong linear £—F relationships were
found in all 24 muscle specimens tested with coefficients
of determination (R?) ranging from 0.984 to 0.999 (see
Fig. 4).

Effect of muscle mass on E—F relationship

Figure 4 also reveals that for the same type of mus-
cle, the linear relationship between the Young’s modulus
and passive loading force is similar for the different
swine. The calculated intercept £, and slope & of the
regression lines for all 24 muscle specimens are listed in
Table 3. Figure 5 illustrates the change in intercept E
and slope k& with respect to muscle mass for all speci-
mens. It can be found that for the same muscle, the E or
k values of the four swine are very similar. There is no
significant difference between E, or k and the mass of
muscle itself. For all six muscles tested, E, is in the
range 46.200—73.396 kPa, and k is within the range
8.444—9.835 kPa, with only one exception, the peroneus
tertius, for which the & value (5.874—6.057 kPa) is lower
than those of other muscles.

Effect of scan angle on E—F relationship

In Figure 6 are the elastography images of the bra-
chialis muscle of swine A at scan angles 0°, 30°, 60° and
90°. It can be seen that the measured minimum, maxi-
mum and mean Young’s moduli all decrease drastically
with increasing scan angle. The change in the mean
Young’s modulus with respect to scan angle is illustrated
in Figure 7a. It can be seen that the Young’s modulus
peaks when the ultrasonic beam is parallel to the muscle
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Table 2. Reliability of Young’s modulus (ICC, ;) and coefficients of determination (R?) of linear regression fit of Young’s modulus versus passive muscle force data of all 24 mus-

cle specimens at 0° scan angle

Swine D

Swine C

Swine B

Swine A
95% CI

Muscle

95% CI

RZ

95% CI

RZ

95% CI

R2

ICCy,

ICC,

ICC,,

ICCy,

0.99872

(0.997-0.999)
(0.994-0.999)

0.999

0.99581

(0.994-0.999)

0.997

0.99498

(0.991-0.998)
(0.984-0.997)
(0.981-0.996)

(0.992—0.998)

0.995

0.99788

(0.990—0.998)
(0.973-0.994)

(0.988—0.998)

(0.989—0.998)
(0.991-0.998)

(0.990—0.998)

0.995

Brachialis

0.99589

0.997

(0.969—-0.994) 0.98519

(0.990—0.998)

0.985

0.99204
0.99525

0.992
0.991

0.98373

0.987

Peroneus tertius

0.99844
0.99713

(0.996—0.999)
(0.995-0.999)
(0.995-0.999)
(0.997—0.999)

0.998

0.99536

0.995

0.99620

0.994
0.995

Common digital extensor

Tibialis anterior

0.998

0.99076

(0.989—0.998)
(0.989-0.998)

(0.989-0.998)

0.995

0.99245

0.996

0.99539

0.99780

0.998

0.99538

0.995

(0.989—-0.998) 0.99533

(0.989-0.998)

0.996 0.99261 0.995

Extensor carpi radialis

Gastrocnemius

0.99866

0.999

0.99482

0.995

0.99640

0.995

0.99532

0.995
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= intra-class correlation coefficient.

CI = confidence interval; ICC; ,
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Fig. 3. Linear curve fitting for Young’s modulus of the bra-
chialis of swine A versus muscle force.

fibre (¢ =0°) and rapidly decreases when the probe
diverges away from the orientation of the muscle fibre.
Figure 8 illustrates the linear fitting results of the E—F
relationship of the brachialis muscle of swine A at scan
angles 0°, 30°, 60° and 90°. It can be seen that the mea-
surement data are more scattered away from the line
with increased scan angle. The calculated coefficient of
determination (R?) in Figure 7b decreases drastically
when scan angle increases. The calculated coefficients
of determination (R?) of all 24 muscle specimens at scan
angles 30 °, 60° and 90° are listed in Table 4. The same
trends are observed for all muscles tested, suggesting
that increasing the probe scan angle significantly deterio-
rates the linearity of the muscle £—F relationship.

DISCUSSION

In this study, excellent repeatability was observed
when measuring the muscle Young’s modulus using
ultrasound SWE. The experimental setup used here
achieved high reproducibility, probably because we
carefully followed the manufacturer’s guidelines (Super-
Sonic Imagine 2016), which emphasise the importance
of stabilising the transducer and minimising stress arte-
facts for accurate data acquisition. To achieve the for-
mer, the probe’s position was carefully maintained by
the operator, and a gel lubricant was used between the
probe and the muscle. For the latter, the pressure
between the probe and the muscle was kept constant and
minimal by adjusting the probe up and down. It should
be noted that this experience contrasts with the findings
of Alfuraih et al. (2018), who recommended placing the
probe in direct contact with the skin for more reliable
results rather than using a gel lubricant.

Previous studies attempted to use ultrasound elas-
tography to quantify biomechanical characteristics of
skeletal muscles. For example, Maisetti et al. (2012)
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Fig. 4. Linear fitting results of the £—F relationship for all six muscles and all four swine: brachialis (a), peroneus tertius (b), com-
mon digital extensor (c), tibialis anterior (d), extensor carpi radialis (e), gastrocnemius (f).

reported a non-linear relationship between the shear
modulus and the tendon length of some human leg
muscles during passive ankle dorsiflexion and plantar
flexion. They suggested that muscle shear modulus could
be used to indirectly assess passive muscle force.

Similarly, Bouillard et al. (2011) reported a strong rela-
tionship (R*=0.951—0.997) between the muscle shear
modulus and muscle contraction torque of two finger
muscles during isometric abduction by neglecting the

contributions of the other muscles.

Recently,
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Table 3. Calculated linear regression parameters: Intercept £ and slope k for all 24 specimens

Muscle Swine A Swine B Swine C Swine D

Eo(kPa)  k(kPa/BW)  E,(kPa)

k(kPa/BW)  E,(kPa)  k(kPa/BW)  E,(kPa)  k(kPa/BW)

Brachialis 61.1100 9.6000 52.0682 8.4900 50.9153 9.1700 54.8990 9.1040
Peroneus tertius 59.4613 5.8793 59.4215 6.0570 56.2057 5.8744 58.3629 5.9370
Common digital extensor 64.4189 9.5154 58.2913 9.2990 62.4598 9.3687 61.7234 9.3944
Tibialis anterior 52.7903 9.3290 62.9610 8.5700 53.9970 9.5417 56.9164 9.1148
Extensor carpi radialis 50.7604 8.4440 49.9485 9.0000 46.1999 8.9950 48.9696 8.7810
Gastrocnemius 66.1400 9.2230 73.3962 8.6460 65.5196 9.8350 68.3531 9.2347
BW =muscle weight.
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v 10 | v
- k n
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Fig. 5. Linear regression parameters of the E—F relationship versus muscle mass Young’s modulus of slack muscle £, (a), and the
change rate k of Young’s modulus with respect to normalised muscle force (b). Symbols for swine A are blue, for swine B green, for
swine C black and for swine D red.

Koo et al. (2013) reported a linear E—F relationship
(R*=0.971-0.999) between muscle shear modulus and
passive force on two chicken leg muscles of similar
mass in a cadaveric study using SWE. However, the con-
sistency in the muscle mass may have led to cluster
effects in the cross-sectional area of the muscle, which is
detrimental to analysis of the relationships between mus-
cle pennation angle, cross-sectional area and shear mod-
ulus. Therefore, investigations into the effect of muscle
mass are useful in examining the feasibility of the indi-
rect muscle force evaluation method using SWE across a
wider range of muscle mass and size.

In this study, we examined the E—F relationship of
six swine muscles with muscle mass ranging from 18.25
to 152 g using ultrasound SWE. We found that there
exists a very strong linear relationship (R*=0.984
0.999) between the Young’s modulus and the muscle
force for all 24 specimens tested, with muscle mass
across almost one order of magnitude, strongly suggest-
ing that ultrasound SWE could be used to quantify pas-
sive muscle force of different masses and sizes.
Interestingly, we also found that the two linear regres-
sion parameters of the E—F relationship, that is, the
intercept E, (or slack muscle Young’s modules) and the

slope & (or change rate of Young’s modulus with respect
to normalised muscle force), do not change significantly
with muscle mass. For all specimens tested in this study,
Ey ranged from 45 to 75 kPa, and k£ was in the range
8—10 kPa, the only exception being the k£ value of the
peroneus tertius muscle, possibly because of the differ-
ence in muscle morphology and material properties.
Nevertheless, the general linear E—F relationship
revealed in this study could provide a predictive model
to indirectly estimate muscle force based on ultrasound
SWE data. Although the normalised muscle force, rather
than the absolute muscle force, is involved in the linear
relationship, with the emerging ultrasound techniques
capable of measuring individual muscle volume (Barber
et al. 2009; Schless et al. 2018), we could readily obtain
the weight of individual muscles based on muscle den-
sity (Snyder et al. 1975) in the near future and, thereby,
the absolute muscle force. In this scenario, the general
linear relationship between the muscle elasticity and the
normalised muscle force found in this study will provide
a very useful clinical tool to evaluate the individual mus-
cle force using ultrasound SWE. This work is novel and
clinically important as most previous studies focused on
the absolute muscle force and found that it presents quite
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Fig. 6. Example elastography images of the brachialis muscle of swine A at different scan angles: 0° (a), 30° (b), 60° (c), 90° (d).

different linear relationships with muscle elasticity for
different muscles, which makes clinical application quite
challenging.

Our results indicated that the probe scan angle (the
angle between the ultrasound probe and the muscle fibre)
has a significant effect on the muscle £—F relationship.
Increasing the scan angle significantly decreases the lin-

determination (R”) decreases disproportionally with
increased scan angle. To the best of our knowledge, this
has not been reported before. Considering the complex
morphology and architecture of skeletal muscles, caution
must be used in future muscle SWE measurements. The
ultrasonic probe should be placed parallel to the muscle
fibre to produce high-quality data. This is supported by
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) 90 (b)
(@ wl o
8o |- &
- 0.9 |
T o
a 70 =
=3 £08}|
” £ |
S eof g
® 0.7 |
3 o
E 5 s I o
o Or 206}
@ 2
£ g o
3 40f HO5f
g S
30 0.4 \b
1 L 1 L 1 L 1 L 1 L 1 1 1 Il
0 20 40 60 80 100 20 40 60 80 100

Scan angle (°)

Scan angle (°)

Fig. 7. Measured Young’s modulus (a) and calculated coefficient of determination (R?) of linear fit of E—F relationship (b) for the
brachialis muscle of swine A at different scan angles: 0°, 30°, 60° and 90°.
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Fig. 8. Linear curve fitting results of the £—F relationships of the brachialis muscle of swine A at different scan angles: 0° (a), 30°
(b), 60° (c) and 90°(d).

Gennisson et al. (2003) found that shear waves propa-
gate much more readily along beef muscle fibres longitu-
dinally than propagating perpendicularly or in other

orientations. Eby et al. (2013) reported a strong linear
relationship between muscle shear modulus and Young’s
modulus when the ultrasound probe was parallel to the

Table 4. Coefficients of determination (R?) of the linear regression fit for Young’s modulus versus passive muscle force data obtained
for all 24 muscle specimens at different scan angles

Muscle Scan angle, o Swine A Swine B Swine C Swine D
Brachialis 30° 0.63686 0.62356 0.61534 0.65432
60° 0.53888 0.52369 0.52690 0.51236
90° 0.39424 0.38460 0.40123 0.38956
Peroneus tertius 30° 0.64895 0.65230 0.65489 0.64210
60° 0.56231 0.56423 0.55410 0.54159
90° 0.37569 0.36952 0.39465 0.39621
Common digital extensor 30° 0.69852 0.68421 0.68745 0.68921
60° 0.56320 0.55302 0.63590 0.63762
90° 0.35698 0.34895 0.35621 0.36823
Tibialis anterior 30° 0.68520 0.67531 0.68360 0.65301
60° 0.52130 0.54036 0.54219 0.52930
90° 0.38265 0.36258 0.34269 0.33448
Extensor carpi radialis 30° 0.63589 0.65420 0.68231 0.67530
60° 0.54123 0.53962 0.55662 0.54660
90° 0.35520 0.36621 0.38410 0.36423
Gastrocnemius 30° 0.65209 0.64780 0.63452 0.68421
60° 0.52369 0.52486 0.53621 0.53320
90° 0.34699 0.39951 0.36552 0.35110
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muscle fibres, but the shear waves did not propagate well
at 45° and in the perpendicular orientation. This may be
due to muscle anisotropy where Young’s modulus varies
along different directions. Moreover, the viscoelasticity
of muscle tissue may contribute as well because most
ultrasound transducers do not account for tissue visco-
elasticity when calculating Young’s modulus using
SWE.

There are some limitations to this study. First, the
accuracy of using ultrasound SWE to measure muscle
Young’s modulus is yet to be fully wvalidated.
Koo et al. (2013) compared SWE-measured shear modu-
lus with reference values using an elasticity QA phantom
for chicken muscles. However, the shear modulus was in
a very small range (2.7—26.7 kPa), and a more compre-
hensive validation for larger shear modulus is required.
In addition, we assumed a linear relationship between
muscle shear modulus and Young’s modulus based on
the previous study by Eby et al. (2013) on swine
muscles. A more thorough investigation is required to
examine how muscle anisotropy, viscoelasticity and
morphology affect the relationships found in this study.
Furthermore, only the passive muscle forces on cadav-
eric specimens were investigated here. Studies are
needed to examine the in vivo muscle E—F relationship
during different motor activities. Additionally, the elas-
tic modulus obtained using the ultrasound probe is the
property of a small local area within the muscle. The
shear wave speed may be dependent on the local compo-
sitional, structural and mechanical properties of the tis-
sue. Therefore, we selected the central part of the muscle
belly as in previous studies (Eby et al. 2015; Hirata et al.
2016; Kentaro et al. 2012; Leonardis et al. 2017; Miya-
moto et al. 2015; Umegaki et al. 2015) to report the mus-
cle data. Finally, to be clinically useful, the SWE-based
method needs to be examined in human specimens and
patients. It was found that some swine organs and tissues
are very similar to human organs and tissues in terms of
biomechanical characteristics and material properties
(Bhatia et al. 2012; Choi et al. 2014; Itoh et al. 2006;
Kwak et al. 2011; Park et al. 2009; Zhi et al. 2008). It
would be interesting to examine in future studies the lin-
earity of the E—F relationship of human muscles and to
determine if the £y and & values of human muscles are in
ranges to those of swine muscles.

CONCLUSIONS

In this study, we measured the Young’s moduli of
24 specimens from six muscles of four swine at different
passive muscle loads using ultrasound SWE and rigor-
ously examined the repeatability of the measured
Young’s modulus, the E—F relationship and the effects

of muscle mass and probe scan angle on the E—F rela-
tionship. It was found that ultrasound SWE provides a
highly reliable and reproducible technique to measure
muscle Young’s modulus. There exists a very strong lin-
ear relationship between muscle Young’s modulus and
passive muscle force for all specimens tested across a
large of range of muscle mass. It was found that the £,
and £ values of almost all muscles are in a very similar
range, suggesting that the linear relationship revealed in
this study could provide a predictive model to quantify
passive muscle force for muscles of different masses and
sizes. Moreover, it was found that the probe scan angle
has a significant effect on the linearity of the £—F rela-
tionship. Caution should be used in future muscle meas-
urements using ultrasound SWE.
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